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Abstract
Multisensory neurons in the dorsal cochlear nucleus (DCN) achieve their bimodal response properties [Shore (2005) Eur. J.
Neurosci., 21, 3334–3348] by integrating auditory input via VIIIth nerve fibers with somatosensory input via the axons of cochlear
nucleus granule cells [Shore et al. (2000) J. Comp. Neurol., 419, 271–285; Zhou & Shore (2004) J. Neurosci. Res., 78, 901–907].
A unique feature of multisensory neurons is their propensity for receiving cross-modal compensation following sensory deprivation.
Thus, we investigated the possibility that reduction of VIIIth nerve input to the cochlear nucleus results in trigeminal system
compensation for the loss of auditory inputs. Responses of DCN neurons to trigeminal and bimodal (trigeminal plus acoustic)
stimulation were compared in normal and noise-damaged guinea pigs. The guinea pigs with noise-induced hearing loss had
significantly lower thresholds, shorter latencies and durations, and increased amplitudes of response to trigeminal stimulation than
normal animals. Noise-damaged animals also showed a greater proportion of inhibitory and a smaller proportion of excitatory
responses compared with normal. The number of cells exhibiting bimodal integration, as well as the degree of integration, was
enhanced after noise damage. In accordance with the greater proportion of inhibitory responses, bimodal integration was entirely
suppressive in the noise-damaged animals with no indication of the bimodal enhancement observed in a sub-set of normal DCN
neurons. These results suggest that projections from the trigeminal system to the cochlear nucleus are increased and ⁄ or
redistributed after hearing loss. Furthermore, the finding that only neurons activated by trigeminal stimulation showed increased
spontaneous rates after cochlear damage suggests that somatosensory neurons may play a role in the pathogenesis of tinnitus.
Introduction
The dorsal cochlear nucleus (DCN) receives auditory input from the
VIIIth nerve and somatosensory input, indirectly, via the axons of
cochlear nucleus (CN) granule cells (Shore et al., 2000; Zhou &
Shore, 2004; Haenggeli et al., 2005). Stimulation of these somato-
sensory inputs can activate or inhibit cells in the ventral and dorsal
divisions of the CN (Young et al., 1995; Shore et al., 2003; Shore,
2005), and can suppress or enhance their responses to sound,
demonstrating bimodal integration (Shore et al., 2003; Shore, 2005).
Bimodal integration in the principal projection neurons of the DCN is
conveyed to neurons in the external nucleus of the inferior colliculus
(Aikin et al., 1981; Jain & Shore, 2006; Zhou & Shore, 2006a), where
it is replicated (Jain & Shore, 2006). Auditory somatosensory
convergence has also been reported in the superior colliculus (Wallace
et al., 1996; Wallace & Stein, 2001), medial geniculate nucleus
(Wepsic, 1966) and auditory cortex (Foxe et al., 2000, 2002;
Schroeder et al., 2001; Dehner et al., 2004).
One feature unique to multisensory neurons is their propensity for
receiving cross-modal compensation following sensory deprivation or
deafferentation. For example, in visually deprived mammals, auditory
input from the inferior colliculus and auditory thalamus can be
redirected to the visual thalamus and cortex (Batzri-Izraeli et al., 1990;
Izraeli et al., 2002; Piche et al., 2007). The complex type of
reorganization that occurs following deafferentation of the somato-
sensory cortex (Hickmott & Merzenich, 2002) is unlikely to occur at
the level of the CN but cochlear deafferentation could result in cross-
modal compensation by somatosensory inputs to the CN that would be
the precursor to more complex changes in higher auditory structures.
We investigated this hypothesis by examining trigeminal nerve
influences on single units in the guinea pig DCN after noise-induced
hearing loss.
Materials and methods
Experiments were performed on 18 healthy, female, adult pigmented
guinea pigs (NIH outbred strain) with normal Preyer’s reflexes,
weighing 250–400 g. Of these, six were used as control animals and
12 were exposed to broadband noise (BBN) (120 dB sound pressure
level, SPL) for 4 h. Auditory brainstem responses (ABRs) were
recorded before and after the noise exposures. Unit recordings were
performed 1 week (six animals) or 2 weeks (six animals) following
noise exposures. All procedures were performed in accordance with
the NIH guidelines for the care and use of laboratory animals (NIH
publication no. 80-23), guidelines provided by the University of
Michigan (University Committee on the Use and Care of Animals)
and Policies on the Use of Animals and Humans in Neuroscience
Research approved by the Society for Neuroscience.
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Surgical preparation
Guinea pigs were pre-medicated with a sympathetic blocking agent
(Guanethedin, 30 mg ⁄ kg, Sigma Chemical Co., St Louis, MO, USA)
to reduce sympathetic vasoconstriction (Salar et al., 1992). All
animals were anesthetized with ketamine (40 mg ⁄ kg) and xylazine
(10 mg ⁄ kg), and held in a stereotaxic device (Kopf) with hollow ear
bars allowing for the delivery of sounds. Rectal temperature was
monitored and maintained at 38 ± 0.5 C with a thermostatically
controlled heating pad. Supplemental anesthesia (0.5· original dose)
was given approximately hourly, after performing a digital pinch test
to elicit paw withdrawal. In addition, unit thresholds to BBN were
monitored throughout the experiment. In cases where thresholds
increased by more than 10 dB, the experiment was discontinued. The
bone overlying the cerebellum and posterior occipital cortex was
removed to allow visual placement of a recording electrode on the
DCN, after aspirating a small amount of cerebellum to visualize its
surface. The stimulating electrode was manually lowered into regions
of ipsilateral trigeminal ganglion previously found to project to the
CN (Shore et al., 2000) using stereotaxic coordinates [0.37 cm
caudal to bregma, 0.45 cm lateral from the midline and 1.35 cm
ventral to bregma (Vass et al., 1998)]. The electrodes were pre-
treated with fluorescent compounds (see histology, below) to enable
post-mortem reconstruction of electrode tracks. Figure 1A shows a
Fig. 2. (A) Geometry of the four-shank 16-channel silicon probe used in this
study. The leads from each electrode are connected to the PC board shown at
the top. The recording sites are distributed across the array, with four recording
sites per shank separated by 100 lm. The four shanks are each separated by
250 lm. (B) The probe tips were placed on the surface of the dorsal cochlear
nucleus (DCN) and advanced in a dorsal-to-ventral-to-rostral direction until the
tips were located 0.5 mm below the surface of the DCN. The electrode tips
were located in the same medial-lateral location (1 mm medial to the
paraflocular recess) in all animals. AVCN, anteroventral cochlear nucleus;
PVCN, posteroventral cochlear nucleus; nr, VIII nerve root; VeN, vestibular
nerve; P, pons; TB, trapezoid body; LL, lateral lemniscus; N5, Vth nerve; CP,
cerebellar peduncle.
Fig. 1. (A) Schematic of the stimulating electrode locations in the trigeminal
ganglion for six normal (gray dots) and eight noise-damaged (black dots)
animals. Arrow indicates the region from which a receptive field (B) was
obtained by recording multiunit activity from the stimulating electrode while
mechanically stimulating different regions of the head. The spike rates shown
for each region are relative to a control spontaneous rate (SR) that was
determined with the mechanical stimulator located on a remote site (the
adjacent table top). Max, maxillary division; Mand, mandibular division;
Ophth, ophthalmic division; L, left; R, right.
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schematic of the electrode placement reconstructions for six normal
and eight noise-damaged animals. In some experiments, a trigeminal
ganglion receptive field was obtained by recording the firing rate
from the stimulating electrode (arrow) whilst mechanically stimulat-
ing different regions of the face (Fig. 1B). The receptive field
indicates that the major response was obtained by moving the jaw in
a lateral direction. Smaller responses were obtained from the orbit,
pinna and vibrissae. Similar receptive fields were obtained in other
animals.
Recordings
All unit recordings were made in a sound-attenuating double-walled
booth. Four-shank, 16-channel Michigan electrodes were used to
record unit activity, thus enabling us to record from many units
simultaneously. The geometry of the recording sites and their
orientation are shown in Fig. 2. In all animals, the electrode was
inclined to an angle of 45 and positioned at a point on the DCN
surface 1.00 mm medial to the caudal aspect of the paraflocular recess.
The electrode was advanced 0.5 mm in a dorsal–ventral direction. The
recording sites were separated by 100 lm and each shank was
separated by 250 lm. The 16-channel multielectrode array was
connected to a 16-channel amplifier via a signal input board that
provided programmable gain, filtering (bandwidth 300–10 kHz) and
analog-to-digital conversion. Analog-to-digital conversion was per-
formed by simultaneously sampling 12-bit converters at 40 kHz per
channel. Signals were then routed to multiple digital signal processor
boards for computer-controlled spike waveform capture and sorting.
The multichannel neuronal acquisition processor was designed to
facilitate both spike detection and sorting. A spike detection threshold
was set independently for each channel to four SDs above the mean
background noise voltage. Timestamps and associated waveforms
were collected at each threshold crossing. This included artifact
waveforms generated by the electrical stimulus superimposed on
neural activity.
Offline sorting and electrical artifact removal
Using the Plexon data collection system, units were first selected
for capture by the system by determining a threshold value above
the noise floor (+ 4 SDs). After data collection, the units were
further sorted using the Plexon Offline sorter. Units were sorted on
each channel using cluster analysis of principal component
amplitudes. Artifact waveforms were easily eliminated as a clearly
separate cluster. Removing artifacts sometimes resulted in a zero-
latency (< 1 ms) dip (i.e. lack of spikes) in the post-stimulus time
histograms at the time of the electrical stimulus. This artifact
removal did not affect the other waveforms and was ignored for
analysis purposes. Following artifact removal, it was often possible
to sort waveforms into more than one single unit per channel using
statistical criteria (P < 0.05) provided by the program, thus
increasing our yield of individually isolated units. Units separated
using automatic cluster analysis methods were manually verified in
terms of their amplitude consistency over trials and interspike
intervals.
Electrical stimuli
Electrical pulses (100 ls ⁄ phase) were presented at intervals of
660 ms. A concentric, bipolar stimulating electrode (Frederick Haer
and Co.) was used to reduce current spread. Current amplitudes ranged
from 10 to 90 lA. Spontaneous and evoked neuronal responses were
collected over a 100 ms window for 100 or 200 presentations.
Acoustic stimuli
Acoustic stimuli were delivered to the ears via Beyer dynamic
earphones coupled to the hollow ear bars of a Kopf small animal
stereotaxic apparatus using Tucker Davis Technologies system II
hardware for digital-to-analog conversion and analog attenuation.
Digital signals were generated using the Tucker Davis Technologies
software package SigPlay32, using a sample rate of 100 kHz at 16-bit
resolution. Tones were calibrated using a 1/4 inch microphone
coupled to the ear bar with a 0.5 ml tube. The microphone output
was measured using Tucker Davis Technologies software (SigCal).
Noise was calibrated with the 1/4 inch microphone and coupler
attached to a sound level meter set to measure the bandwidth of
interest (20 Hz)20 kHz for BBN). Equalization to correct for the
system response was performed on the digital waveforms in the
frequency domain. The stimulus variable sequences in pseudo-random
order were generated from within the software program MATLAB.
The maximum output of the system was 80 dB SPL.
Unit typing
Units were isolated using principal component analysis before
classification. In normal animals, responses were considered to be
within normal limits if BBN thresholds ranged between 10 and
30 dB SPL, levels previously correlated with normal compound
action potentials (Le Prell et al., 2003; Shore, 2005). In cases
where there were remaining responses to acoustic stimuli in noise-
damaged animals, unit types were identified at 10 or 20 dB above
threshold, i.e. at 10 or 20 dB sensation level (dB SL). Acoustic
stimuli for unit typing consisted of 50 ms tone bursts with 1.5 ms
rise ⁄ fall times, at unit best frequency (BF), as well as 50 ms BBN
bursts (5 ⁄ s, 1.5 ms rise ⁄ fall times). Units were classified on the
basis of their post-stimulus time histogram shapes generated in
Fig. 3. Median auditory brainstem responses (ABRs) and dorsal cochlear
nucleus unit thresholds to broadband noise (BBN) stimulation for normal and
noise-damaged animals at 1 and 2 weeks following BBN (4 h, 120 dB SPL)
exposure. Error bars represent 95% confidence limits. Large, significant
threshold shifts are observed for BBN unit responses and ABRs following
noise exposure (*, see details in text). Maximum measurable ABR thresholds
were 100 dB and maximum measurable BBN thresholds were 80 dB SPL.
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response to the BF tone bursts at 20 dB SL and rate-level functions
for BF tone bursts and noise bursts (Godfrey et al., 1975a,b; Rhode
& Smith, 1986; Stabler et al., 1996; Young, 1998). Response areas,
interspike interval histograms and regularity analyses assisted in the
classification.
Measurements of threshold, latency and duration of responses
to trigeminal stimulation
Measurements were performed by the same research assistant for all
animals. The assistant was blind to which condition was being assessed,
i.e. control, 1 or 2 weeks following noise exposure. Threshold was
defined as the level that demonstrated an increase in the firing rate that
was 2 SDs above the average firing rate or 1 SD below the average
firing rate (inhibition was generally of lower amplitude than excitation).
Threshold was verified by comparing the response to the next higher
level, at which a strong response around the same latency was
observed, as well as the next lower level at which no response was
observed. Latency was the point in time at which the firing rate was
2 SDs above or 1 SD below the average firing rate preceding
stimulation. Duration started at the onset of response and ended when
the firing rate recovered to the spontaneous rate (SR).
Definition of response types to trigeminal stimulation
Three response types were defined [as previously described by Shore
(2005)]: excitatory (E), in which the response increased above SR as
defined above and returned to SR after a duration of 2 ms or greater
(usually more than 5 ms); inhibitory (In), in which the response
decreased below SR as defined above and returned to SR after a
duration of 5 ms or greater (usually more than 5 ms); and excit-
atory ⁄ inhibitory (E ⁄ In), in which the response increased above SR as
Fig. 4. (A) Mean spontaneous rates (SRs) for dorsal cochlear nucleus single
units at 1 and 2 weeks after noise exposure at 120 dB SPL. SR is significantly
higher at 1 week following exposure (Bonferroni-adjusted comparison;
*P < 0.05). (B) Frequency distribution plots indicate that the increased SR
is accounted for mostly by an increase in the number of medium SR values.
(C) The distribution of SRs by responses to trigeminal stimulation indicates
that only units that are activated by trigeminal stimulation (those that display
excitatory and excitatory ⁄ inhibitory responses) showed increased SRs after
noise exposure. Units that were inhibited by trigeminal stimulation and units
that did not respond to trigeminal stimulation did not show increased SR after
noise damage.
Fig. 5. The percentage of single units in each unit-type category as defined by
responses to 20 dB SL, best frequency tonebursts [i.e. build-up, primary like
(PL), onset, chopper, pauser-build-up (P-B), unusual and low frequency (LF)]
for control (N ¼ 57) and noise-damaged (N ¼ 49) animals. Noise-damaged
animals include 1 and 2 weeks post-damage combined. All ‘unit types’
observed in the normal animals are also observed in the noise-damaged
animals. However, the proportion of chopper units was significantly increased,
whereas the proportion of build-up units was significantly decreased in the
noise-damaged animals (v2 ¼ 84, 6 d.f., P < 0.001).
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defined above and was followed by inhibition before returning to SR
after a total (E + In) duration of 5 ms or greater (usually more than
10 ms).
Multisensory integration
For assessment of integration of acoustic and trigeminal information,
electrical stimuli were applied to the trigeminal ganglion, as described
above, and acoustic stimuli were 100 ms BBN bursts. Trigeminal
stimuli preceded the noise bursts by 5 ms. To test for bimodal
enhancement or suppression, the formula developed by Populin & Yin
(2002) was adapted as follows:
BE ¼ 100 ½ðBi T  AÞ=ðT þ AÞ
where BE is the percentage value of bimodal enhancement, Bi is the
bimodal response, T is the trigeminal response and A is the auditory
response expressed as number of spikes computed over a 100 ms
window beginning at the onset of auditory stimulation.
The percentage bimodal suppression (BS) was calculated as follows:
BS ¼ 100 ½ðBi UnimaxÞ=Unimax
where Bi is the bimodal response and Unimax is the larger of the
unimodal responses. Bimodal suppression occurs when BS < 0.
Noise stimulation was used in this study because the majority of
units recorded on 16 channels responded to the noise regardless of
their BFs. Thus, it was possible to assess the responses of a large
number of neurons to both trigeminal and sound stimulation.
Auditory brainstem responses
Auditory brainstem responses were recorded in a separate electri-
cally and acoustically shielded chamber routinely used for ABR
Fig. 6. Post-stimulus time histograms of unit responses to trigeminal stimu-
lation from 16 channels recorded on a four-shank electrode in the dorsal
cochlear nucleus. Responses are from a noise-damaged animal at 1 week after
noise exposure. The electrical artifact (the first large peak in the histogram)
indicates the onset of the electrical stimulus in the trigeminal ganglion at
80 lA. Unsorted multiunit responses are shown here. Bin width 0.5 ms, 200
presentations. Examples of inhibitory and excitatory responses to trigeminal
stimulation can be found across the 16 channels in this animal.
Fig. 7. Examples of inhibitory (In), excitatory (E) and excitatory ⁄ inhibitory
(E ⁄ In) responses from dorsal cochlear nucleus single units in a noise-damaged
guinea pig. The post-stimulus time histograms show responses of three single
units, sorted using the Plexon off-line sorter (see Materials and methods). The
top unit is inhibited (In), the middle unit is excited (E) and the lower unit is
excited and then inhibited (E ⁄ In) by trigeminal ganglion stimulation at 80 lA.
Although the three response types were the same as described in normal
animals (Shore, 2005), the distribution of responses is changed in noise-
damaged animals, with marked increased incidence of units in the In category
(see Fig. 8). Arrow shows onset of trigeminal ganglion stimulation. Bin width
1 ms, 200 presentations.
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recordings (Acoustic Systems, Austin, TX, USA). Animals were
anesthetized with ketamine (58.8 mg ⁄ kg), xylazine (2.4 mg ⁄ kg) and
acepromazine (1.2 mg ⁄ kg), and body temperature was maintained
with heating pads and heat lamps. Sub-dermal recording electrodes
were placed at vertex (1 cm posterior to bregma), reference (ventral
to the pinna on the tested ear) and ground (ventral to the pinna on
the contralateral ear) sites. System II hardware and SigGen ⁄ Biosig
software (Tucker Davis Technologies, Alachua, FL, USA) were
used to present the stimulus and record responses. Tones were
delivered through a Beyer driver (Beyer Dynamic Inc., Farming-
dale, NY, USA; aluminum-shielded enclosure made in house) with
the speculum placed just inside the tragus. Toneburst stimuli were
15 ms in duration with 1 ms rise ⁄ fall times, presented at 10 ⁄ s. The
upper limit of the ABR sound system was 100 dB SPL. Up to
1024 responses were averaged for each stimulus level. Responses
were collected for stimulus levels in 10 dB steps at higher stimulus
levels, with additional 5 dB steps near threshold. Thresholds were
interpolated between the lowest stimulus level where a response
was observed and 5 dB lower, where no response was observed.
Baseline and final (1 day prior to the acute experiment) ABRs were
tested at 4, 10 and 20 kHz.
Sound exposure
Animals were placed in a ventilated chamber with the inner walls
covered with 5 cm acoustic foam. The noise was presented through
a loudspeaker (Parasound HCA-750A amplifier, JBL 2450H com-
pression driver with 2385A horn) mounted on the top of the
chamber. For calibration, the system response (62.5 Hz)22 kHz) to
a white noise source (General Radio 1381) was measured with a
½ inch microphone (Bruel and Kjaer 4134) and fast Fourier
transforms spectrum analyser (Stanford Research SR760). The
spectrum data were used to create an equalizing fast Fourier
transform filter in an audio file editor (Adobe Audition), which was
then used to create an audio CD for the noise used in this study
(2–20 kHz). The system response to the audio CD was then verified
with a fast Fourier transform spectrum analyser. The animals were
exposed in individual wire cages. The level and spectrum of the
noise were measured within the cage using a Bruel and Kjaer
sound level meter (model 2231, with type 4155 ½ inch microphone
and type 1625 octave band filter). Animals were exposed at 120 dB
SPL for 4 h.
Brain histology
To mark electrode tracks, the recording and stimulating electrodes
were dipped in 1,1-dioctadecyl-3,3,3¢,3¢- tetramethyllindocarbocya-
nine perchlorate (10%) (Molecular Probes) or fluorgold (2%) before
being inserted into the brain. At the end of each experiment, the
animal was perfused transcardially with saline followed by 4%
paraformaldehyde. The brain and left trigeminal ganglion were
removed from the skull and immersed in 20% sucrose solution (Shore
et al., 1992; Shore & Moore, 1998). The following day, the brain and
trigeminal ganglion were cryosectioned at 40–60 lm, placed on slides
and examined under epifluorescence for evidence of recording and
stimulating electrode locations. The locations of the stimulating
electrode within the trigeminal ganglion varied from 440 to 1080 lm
in depth from the surface and were most often in the ophthalmic
division, although they were occasionally at the medial edge of the
mandibular division (Fig. 1). These locations are close to the locations
of cells labeled by retrograde injections into the CN (Shore et al.,
2000).
Cochlear hair cell assessments
Following the unit recordings, animals were perfused intracardially, as
described above. The temporal bones were removed, the round and
oval windows exposed, and the cochleae were fixed by intrascalar
infusion of 4% paraformaldehyde in phosphate-buffered saline
through the round window. Following fixation, cochleae were
micro-dissected and stained with 1% rhodamine phalloidin. Surface
preparations of the cochlear spiral were prepared and individual turns
of the organ of Corti were mounted on glass slides.
Surface preparation assessment was performed under epifluorescent
illumination on a Leitz photomicroscope. Surviving hair cells were
counted in 0.19 mm reticules and plotted as cytocochleograms
(percentage of inner and outer hair cell loss, relative to normal hearing
ears) using a Microsoft Excel program kindly provided by Dr David
Moody (University of Michigan). Raw data for each row of inner and
outer hair cells were collected and assessed individually. In addition,
data for the three rows of outer hair cells were collapsed together and
analysed as a group.
Statistical procedures
Data files generated during the experiments were imported to Excel
spreadsheets and assessed for integrity and distributional characteris-
tics. Descriptive statistics and graphical depictions were used to
determine if the data met the assumptions of the inferential statistical
procedures employed. Any violation of the assumptions underlying
the inferential procedures was assessed for robustness and appropriate
measures (Bonferroni corrections) were taken to ensure that experi-
ment-wise type I error rates did not exceed the stated alpha level.
Statistical procedures were implemented with SPSS 13.0 (SPSS Inc.
Chicago, IL, USA). anovas were used to determine significance of
differences between the experimental groups and conditions. v2 tests
were used to determine significance of differences in distributions of
response types.
Results
Effects of noise exposure on auditory brainstem response
and unit thresholds
Wideband noise exposure at 120 dB SPL produced significant ABR
threshold shifts (averaged responses for 4, 10 and 20 kHz) of 60 dB or
greater (P < 0.001) at 1 week (N ¼ 6) and 2 weeks (N ¼ 6) after the
exposure (normal N ¼ 6). Significant threshold shifts relative to
normal controls (N ¼ 345) were also detected for unit responses to
BBN in DCN units and were smaller in magnitude than the ABR shifts
(up to 40 dB) for 1 week (P < 0.001, N ¼ 105) and 2 weeks
(P < 0.001, N ¼ 106), respectively (Fig. 3). Median values are shown
for ABR and BBN thresholds as there were some units unresponsive at
80 and 100 dB SPL (the maximum output of the speakers for unit or
ABR recordings, respectively) after noise exposure. Values of 90 and
101 dB were assigned to the non-responsive units, ranks were
established and Mann–Whitney tests of significance were performed.
The threshold shifts were evenly distributed across BFs and along the
depth of the electrode, as might be expected with a wideband noise
exposure. The cytocochleograms (not shown) indicated severe outer
hair cell damage at the basal end of the cochlea, with moderate loss in
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the middle regions of the cochlea. Inner hair cell damage was confined
to the basal third of the cochlea.
Effects of noise exposure on dorsal cochlear nucleus
spontaneous rates
Spontaneous rates are increased in DCN units after noise damage
Spontaneous rates were computed in DCN units (up to a depth of
0.5 mm below the surface) from 200 trials in which no sounds were
presented. Figure 4A shows the mean SRs for normal (N ¼ 66) and
noise-damaged animals at 1 week (N ¼ 76) and 2 weeks (N ¼ 51)
after noise exposure at 120 dB SPL. The SR was significantly higher
than normal at 1 week following noise damage (P < 0.05). At
2 weeks post-noise damage SR was still increased but was no longer
significantly different from control. The frequency distribution of SRs
(Fig. 4B) indicates that the increased SR at 1 week post-exposure was
primarily due to an increase in the number of medium SR units,
suggesting a selective increase in a specific group of neurons.
Elimination of units with SRs above 125 did not alter the findings.
Further grouping of units by responses to trigeminal stimulation
(Fig. 4C) revealed that the increased SRs were detected only in units
that responded with excitation (E and E ⁄ In) to trigeminal stimulation.
Furthermore, the units showing the greatest increase in SR were those
that responded with E ⁄ In to trigeminal stimulation (P < 0.05). Units
that showed no response or were inhibited by trigeminal stimulation
did not show increased SR following noise damage.
Effects of noise exposure on dorsal cochlear nucleus unit
acoustic response types
In the noise-damaged animals, we were able to classify 49 units that
responded to BF tones and BBN of 10 or 20 dB above threshold. All
response types that were observed in the normal animals (N ¼ 57)
were also observed in the noise-damaged animals (Fig. 5). However,
the proportion of units in each response type changed significantly
after noise damage. Specifically, noise-damaged animals exhibited a
greater number of chopper units and fewer build-up units than normal
animals (v2 ¼ 84, 6 d.f., P < 0.001).
Effects of noise exposure on dorsal cochlear nucleus
unit responses to trigeminal stimulation
Trigeminal stimulation evoked more inhibition and less excitation
after noise damage
Figure 6 shows post-stimulus time histograms of unit responses
recorded from 16 channels in one noise-exposed (2 week) animal after
Fig. 8. Responses to trigeminal stimulation are redistributed at 1 and 2 weeks
after noise overexposure. The percentage of single units with excitatory,
inhibitory or excitatory ⁄ inhibitory responses after trigeminal ganglion stimu-
lation at 80 lA is shown. Following noise exposure inhibitory responses
predominate, whereas the normal animals show more excitatory than inhibitory
responses. The increased incidence of inhibition by trigeminal stimulation in
noise-damaged animals may signify a change in the distribution of trigeminal
inputs to the cochlear nucleus granule cells following cochlear damage.
Fig. 9. Thresholds to trigeminal stimulation are significantly decreased fol-
lowing noise damage, reflecting increased sensitivity to trigeminal stimulation
in the deafened animals. (A) Mean thresholds to trigeminal stimulation are
decreased at both 1 and 2 weeks after noise exposure. At 1 week following
noise exposure, thresholds are significantly lower for all response types
[excitatory (E), excitatory ⁄ inhibitory (E ⁄ In) and inhibitory (In)]; at 2 weeks,
thresholds for E and E ⁄ In units are significantly lower but In response
thresholds have returned to normal. *Significant pair-wise differences after
Bonferroni correction (see text). Error bars indicate ± 1 SEM. (B) The fre-
quency distribution plots indicate a sharp peak in the number of low threshold
In units at 1 week following noise damage and a reduction in the number of
high threshold units for the E and E ⁄ In groups after noise damage.
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trigeminal ganglion stimulation (80 lA, 100 ls ⁄ phase, 200 presen-
tations), before unit sorting. The channels are delineated as
‘Ch 1–Ch 16’, indicating the location of each channel according to
the electrode geometry shown in Fig. 2. In contrast to normal animals,
in which about 30% of channels were affected, inhibitory or excitatory
responses to trigeminal stimulation were observed on every channel in
this animal.
Trigeminal ganglion stimulation produced the same types of single
unit responses for noise-exposed (N ¼ 188, week 1; N ¼ 99, week 2)
and normal (N ¼ 185) animals, as shown previously, i.e. In, E and
E ⁄ In responses in DCN neurons (Shore, 2005). This is shown in Fig. 7
for sorted, single units. Although all three types were evident, the
distribution of response types amongst single units was significantly
changed after noise damage (Fig. 8). In the normal animals, the most
frequently occurring response type was excitation (E) and the least
frequent type was inhibition (In). However, in the noise-exposed
animals, inhibition (In) became the predominant response type to
trigeminal stimulation at both 1 week (P < 0.001) and 2 weeks
(P < 0.001) following noise exposure.
Thresholds to trigeminal stimulation are reduced after noise
exposure
The thresholds for each response type were significantly lower in
noise-exposed animals. Figure 9A shows the mean thresholds for
single unit responses to trigeminal stimulation for each group. At
1 week following exposure, thresholds for all response types were
significantly lower (E, P ¼ 0.021; E ⁄ In, P < 0.001; In, P < 0.001).
At 2 weeks following exposure, thresholds were significantly lower
for the E ⁄ In responses (E ⁄ In, P ¼ 0.003). The E responses showed
the same trends but did not reach significance due to the smaller
number of E responses (P ¼ 0.067). The mean threshold differences
could be up to 15 lA lower than normal controls. The frequency
distribution plots (Fig. 9B) indicate, especially for the In responses at
1 week, that thresholds are lower because of the appearance of a low
threshold group, suggesting either activation of a different set of
neurons by trigeminal stimulation or increased sensitivity to trigeminal
stimulation within a sub-population of CN units after noise exposure.
In contrast, the control group shows a peak in the high threshold
neurons for E and E ⁄ In units.
Latencies of excitation and complex responses are altered
after noise exposure
Although there was a lower incidence of E responses in the noise-
damaged animals, response latencies for E responses to trigeminal
stimulation were significantly shorter at 1 week (P ¼ 0.047) and
2 weeks (P < 0.001) post-noise damage compared with normal
(Fig. 10A). Figure 10B shows that the shorter latencies for E
responses were evident at all current levels for both weeks post-noise
exposure. In contrast, significantly longer latencies were seen for E ⁄ In
Fig. 10. Response latencies for excitation (E) to trigeminal stimulation are
significantly decreased at 1 and 2 weeks following noise damage. However,
excitatory ⁄ inhibitory (E ⁄ In) response latencies are significantly increased at
1 week following noise damage. An increase in latencies is seen for inhibitory
units but this does not reach significance. (A) Mean latencies for all response
types for all stimulus levels combined. (B) Mean latencies for E responses at
individual current levels. The decrease in latency is apparent at all current levels
for both 1 and 2 weeks following noise damage. (C) Mean latencies for E ⁄ In
responses at individual current levels. *Significant pair-wise differences after
Bonferroni correction (see text). Error bars indicate ± 1 SEM.
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responses at 1 week after noise damage (P < 0.001, Fig. 10A and C).
There were no significant differences in latencies between control and
noise-damaged animals for the In response type.
Inhibitory response durations are decreased and amplitudes
increased after noise damage
For the In type, the response durations were significantly shorter
(Fig. 11A and B) at both 1 week (P ¼ 0.002) and 2 weeks (P < 0.01)
Fig. 11. (A–D) Response durations to trigeminal stimulation.
(A) Response durations from units in normal and noise-exposed animals are
shown as mean bar graphs for all current levels combined. Inhibitory (In) and
excitatory ⁄ inhibitory (E ⁄ In) response durations to trigeminal stimulation are
significantly decreased following noise damage. The same trend is seen for
excitatory responses. (B) Responses for In units from normal and noise-
exposed animals are shown for individual current levels. The decreased
duration is apparent across current levels at both 1 and 2 weeks after noise
damage. (C) E ⁄ In responses from normal and noise-exposed animals are
shown for individual current levels. The decreased duration is apparent for all
current levels at 2 weeks after noise damage. (D) Frequency distribution plots
show a large peak in the occurrence of short duration In responses and a loss of
long duration E ⁄ In responses. (E) The In-response amplitudes to trigeminal
stimulation are significantly increased following noise damage. Responses from
units in normal and noise-exposed animals are shown as negative values for all
current levels combined (relative to SR). *Significant differences (see text).
Error bars indicate ± 1 SEM.
Fig. 11. Continued
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following noise damage and the amplitudes were larger at 1 week after
noise damage (P < 0.05; Fig. 11E). The E ⁄ In durations were also
significantly shorter at 2 weeks post-exposure (P < 0.05; Fig. 11A and
C). The frequency plots show that the decreased duration is due to an
increased frequency of occurrence of shorter duration In responses
rather than a change in the entire distribution of durations (Fig. 11D).
For the E ⁄ In responses, the decreased duration at 2 weeks is due to a
loss of longer duration responses.
Fig. 12. Bimodal integration in a dorsal cochlear nucleus unit is suppressive
in a noise-damaged animal at 1 week following exposure. (A) Post-stimu-
lus time histogram (PSTH) for a single unit in response to broadband noise
(BBN) stimulus alone. (B) PSTH for the same single unit in response to BBN
preceded by trigeminal ganglion stimulation. The response to combined
trigeminal and acoustic stimulation is smaller than the response to sound
stimulation alone, indicating suppressive bimodal integration. Solid line
indicates onset and duration of BBN; arrow indicates onset of trigeminal
stimulus. Bin width 1 ms. BBN level, 80 dB SPL (30 dB SL); current, 80 lA.
Trigeminal stimulus precedes BBN by 5 ms. Insets show single unit waveforms
obtained with the Plexon offline sorter (principal component analysis).
Fig. 13. Bimodal suppression in a single unit from a normal animal.
(A) Responses of a single unit to broadband noise (BBN) alone. (B) Responses
of the same single unit to BBN preceded by trigeminal ganglion stimulation. As
for the noise-damaged animal (Fig. 12), the response to combined trigeminal
and acoustic stimulation is smaller than the response to sound stimulation
alone, indicating suppressive bimodal integration. BBN level, 50 dB SPL
(30 dB SL); current, 80 lA. Trigeminal stimulus precedes BBN by 5 ms. Solid
bar above graphs shows the onset and duration of the BBN; arrow indicates
onset of the bipolar trigeminal pulse (100 ls ⁄ phase). Bin width, 1 ms. Insets
show single unit waveforms (as for Fig. 12).
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Both the increase in incidence of inhibitory type responses (see
Fig. 8) and larger inhibitory amplitudes are consistent with the
enhancement of suppressive multisensory integration and the absence
of positive integration (i.e. enhancing integration; see below) at
2 weeks after noise damage.
Bimodal integration is enhanced following noise damage
In normal animals, neurons in the DCN integrate information from
the trigeminal nerve and VIIIth nerve (Shore, 2005). This is reflected
in the difference in response rates to uni- and bimodal (i.e.
trigeminal + auditory) stimulation (see Materials and methods for
quantification). Bimodal integration is also evident in noise-damaged
animals. Figure 12 shows an example of responses from one single
unit in a noise-damaged animal at 1 week following exposure.
Responses to BBN alone (Fig. 12A) can be compared with the
responses from the same unit to the same BBN but preceded by a
pulse applied to the trigeminal ganglion (Fig. 12B). The addition of
the trigeminal pulse produced strong suppression of the response to
the BBN that lasted for the duration of the sound. For comparison,
Fig. 13 shows bimodal suppression in one unit recorded from a
normal animal. Although some units in normal animals showed
enhanced responses to BBN after the addition of a trigeminal pulse
(see Shore, 2005), both normal and noise-damaged animals showed
predominantly suppressive integration of the type shown in Figs 12
and 13. In the 2 week noise-damaged animals, the preponderance for
suppressive integration was significantly enhanced (75% compared
with 49% in normal and 47% in week 1 noise-damaged animals;
Fig. 14). This is reflected by both the increased percentage of units
showing suppression (P < 0.05) and a greater degree of suppression
in the 2 week noise-damaged animals (P < 0.001). Furthermore, in
normal animals, suppression or enhancement of responses by
trigeminal stimulation differed depending on whether measurements
were taken during the first or second half of the responses to BBN.
This suggests that integration changed over time in the normal
animals but remained more constant over time for the noise-damaged
animals.
Discussion
In this study, noise exposure sufficient to produce cochlear damage
resulted in an enhanced sensitivity of neurons responding to trigeminal
stimulation as well as a redistribution of the types of responses elicited
(i.e. excitation or inhibition). Furthermore, noise exposure also
resulted in increased SRs but only in those neurons that were
activated by somatosensory stimulation.
Sensitivity of dorsal cochlear nucleus units to trigeminal input
increases following a reduction in auditory nerve input
Reduction in auditory nerve input to the DCN after noise damage in
the present study changed the responsiveness of DCN neurons to
trigeminal stimulation. In noise-exposed animals there was a signif-
icant shift in the distribution of inhibitory and excitatory responses
towards more inhibitory type responses. Large, significant decreases in
thresholds were evident as well as changes in the latency and duration
of response. Consistent with the increased incidence and amplitudes of
inhibitory type responses to trigeminal stimulation alone, there was an
increase in the number of units exhibiting bimodal suppression and a
greater degree of bimodal suppression in single units in noise-
damaged animals.
The altered sensitivity of DCN neurons to trigeminal ganglion
stimulation following cochlear damage may be a result of a reactive
alteration in the balance of excitation and inhibition in DCN neurons.
Figure 15 is a schematic of the putative DCN circuitry involved in
bimodal integration, for normal (Fig. 15A) and noise-damaged
(Fig. 15B) animals. At the simplest level, the reduction in auditory
nerve input to the basal dendrites of fusiform cells (Fig. 15B) would
shift the dominant excitation of these cells to their apical dendrites and
somata, which receive non-auditory glutamatergic inputs via CN
granule cells (Zhou et al., 2007). This dominance might be further
enhanced by an increase in the number of glutamatergic terminal
endings from the somatosensory pathways to the granule region of the
CN (Zhou & Shore, 2006a; Shore et al., 2007). Consistent with this
view are recent descriptions of the re-emergence of glutamatergic
synaptic transmission at 7 and 14 days following noise exposure
(Muly et al., 2004; Shore et al., 2007) and the appearance of
the growth-associated protein GAP-43 in the CN as early as 9 days
Fig. 14. Noise-damaged animals show a greater incidence and greater
magnitude of suppressive bimodal integration than normal animals. (A)
Percentage of single units demonstrating bimodal integration (suppression and
enhancement). Units showing enhancement of broadband noise (BBN)
responses when preceded (by 5 ms) by trigeminal stimulation are shown on
the left. Units showing suppression of BBN responses when preceded by
trigeminal stimulation are shown on the right. (B) Degree of integration
expressed as percentage integration (see Materials and methods). Arrow
indicates complete absence of enhancing integration. *Significance (see text).
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post-trauma (Michler & Illing, 2002). The presence of GAP-43
indicates that these cells have altered their morphology and connec-
tivity (Kruger et al., 1993), and may be involved in the activity-
dependent regulation of axonal growth (Cantallops & Routtenberg,
1999), indicating the presence of neural plasticity. Other studies have
demonstrated the emergence of thin axons, terminal endings and
perisomatic boutons in the CN after noise trauma in the chinchilla,
consistent with a reactive growth of new axons of relatively small
diameter (Bilak et al., 1997). These thin axons may arise from the
trigeminal ganglion or trigeminal nucleus, which send comparably
thin axons to the CN (Shore et al., 2000; Zhou & Shore, 2004). It is
also possible that, together with these synaptic changes, the intrinsic
Fig. 15. Schematic of dorsal cochlear nucleus circuitry putatively involved in bimodal integration in normal and noise-damaged animals (after Shore, 2005).
(A) Normal system. Trigeminal ganglion (Tg) stimulation excites cochlear nucleus granule cells (gr), which, in turn, excite stellate (St), cartwheel (Ca) and fusiform
(Fu) or giant (not shown) cells. Ca cells excite each other and inhibit Fu cells. Broadband noise (BBN) stimulation via auditory nerve (a.n.f.) strongly excites Fu cells
and weakly activates Ca cells. Suppression of responses to BBN is achieved by summation of weak Ca responses to BBN and stronger and long-lasting Ca activation
by trigeminal input, leading to inhibition of Fu cell. Facilitation of BBN responses can occur through long-term potentiation of direct gr activation of Fu cells.
Additionally, Tg stimulation may excite onset units in ventral cochlear nucleus (D-multipolar cells), which can inhibit vertical (V) and Fu cells (Shore et al., 2003).
(B) Noise-damaged system. a.n.f. input to basal dendrites of Fu cells is weakened. Noise damage leads to an increase in the number of vesicular glutamate
transporters in mossy fibers (m.f.s) as well as axonal sprouting from the trigeminal system (arrow pointing to additional triangles at m.f.) (Zhou & Shore, 2006b),
resulting in stronger responses to trigeminal stimulation. Bimodal integration is more suppressive due to enhanced inhibitory Ca cell activity demonstrated after noise
damage (Chang et al., 2002). DAS, dorsal acoustic stria; p.f., parallel fibers.
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membrane properties are adjusted to a more excitable state, as
demonstrated for neurons in the ventral CN after cochlear removal
(Francis & Manis, 2000). In support of the latter is the increased
incidence of chopper type units and decreased incidence of build-up
type units in the present study following noise damage, given that
response type in fusiform cells is largely determined by their intrinsic
membrane properties (Manis, 1990; Kanold & Manis, 1999).
The increase in inhibitory type responses to trigeminal stimulation
after noise damage could be due to a redistribution of somatosensory
fibers in the CN granule cell region, so that more inhibitory
interneurons, such as the cartwheel or superficial stellate cells, are
targeted (Fig. 15B). The distribution plots of threshold, latency and
durations shown here do in fact suggest that different groups of
neurons may be activated after noise damage. The increased inhibitory
responses suggest that new inputs may target CN granule cells that
project to inhibitory interneurons, such as stellate or cartwheel cells. In
line with this interpretation are results suggesting that intense tone
exposure leads to increased activity of DCN cartwheel cells (Chang
et al., 2002).
Of particular significance in the present study is the finding that
bimodal integration (Shore, 2005) is enhanced in noise-damaged
animals. This enhancement was observed only for the suppressive type
of integration that has previously been linked to the suppression of
body-generated sounds such as respiration or vocalization (Montgom-
ery & Bodznick, 1994; Shore, 2005). A possible mechanism for the
bimodal suppression could be modification of the potassium current in
fusiform cells, which can be modified by hyperpolarizing the cell prior
to its subsequent depolarization by sound (Kanold & Manis, 1999,
2001). A greater number of CN granule cell inputs targeting the
inhibitory interneurons (cartwheel and stellate cells) in the noise-
damaged animals, as suggested above, would produce more inhibitory
responses (hyperpolarization). In the noise-damaged animals, sup-
pression of self-generated sounds would be especially advantageous in
order to enhance the perception of novel, externally generated
environmental signals.
The increased sensitivity to somatosensory input following cochlear
damage shown in this study could influence auditory functions
requiring bimodal input, such as the localization of the body in space,
suppression of body-generated sounds or feedback from vocal tract
structures to auditory nuclei (Kanold & Young, 2001; Shore, 2005).
Changes in trigeminal input to the DCN could also have a significant
impact on the response characteristics of higher order neurons that
receive its output, e.g. the external nucleus of the inferior colliculus
neurons that mimic the bimodal integration shown in DCN (Jain &
Shore, 2006; Zhou & Shore, 2006a).
Spontaneous activity increases following a reduction
in auditory nerve input
The significantly increased SR in DCN single units observed at
1 week post-exposure, in conjunction with cochlear damage, is similar
to previous findings showing increased multiunit SR after equivalent
levels and durations of noise exposure and time following exposure
(Kaltenbach et al., 2000, 2002; Kaltenbach, 2000; Chang et al., 2002;
Rachel et al., 2002; Zacharek et al., 2002). In the present study, the
increased SR at 2 weeks post-exposure, although not significant, is
consistent with increased outer hair cell damage at that time. The
increased variability at this time point after cochlear damage may
reflect neurons undergoing plasticity (Kim et al., 2004).
The finding that only units responding with excitation to trigeminal
stimulation showed increased SR suggests that this factor (i.e.
activation by somatosensory innervation) must be taken into account
when considering mechanisms inducing the increased SR and its
relevance to tinnitus. In this vein, it is important to note that the major
cochlear damage in this study was to outer hair cells, which are
innervated by type II auditory nerve fibers. Type II auditory nerve
fibers project primarily to the dendrites of small cells in the small cell
cap of the CN (Benson & Brown, 2004), a region that receives
somatosensory input (Shore & Zhou, 2006). Therefore, damage to
outer hair cells could preferentially affect those pyramidal cells that
indirectly receive inputs from the somatosensory system via the
granule cell ⁄ parallel fiber system. The correlation of increased SRs
with the presence of tinnitus in animals, together with an increased
prevalence of somatosensory influences in patients with tinnitus
(Moller et al., 1992; Cacace et al., 1999; Brozoski et al., 2002; Moller
& Rollins, 2002; Levine et al., 2003; Kaltenbach et al., 2004) and the
findings of the present study suggest that the somatosensory system
may play a role in the generation of tinnitus.
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